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improvements in aircraft technologies has driven this trend making it increasingly difficult to provide gains in performance. Marginal improvements are being made in order to reduce operating costs for airlines through increasing reliability, decreasing maintenance costs, and increasing fuel efficiency [8] .
It is projected that fuel burn will decrease at an annual rate of 0.96-1.16% until 2050, given various technology and operational scenarios [9] . The third trend is the number of passengers is expected to increase dramatically in the future putting a strain on infrastructure, existing aircraft and the environment. It is projected that there will be 7 billion passengers by 2034, up 112% from 3.3 billion in 2014 [10] . Airbus predicts an annual growth rate of 4.6% over the next 20 years [11] , while Boeing expect between 3.5-4.5% annual growth in the next decade [12] . Finally, the ink is still drying on the Paris agreement to keep global average temperature increase to below 2
• C since pre-industrial levels.
Following this, ICAO's Committee on Aviation Environmental Protection (CAEP) have introduced a recommendation for increasing energy efficiency by 2% per year, as a CO 2 efficiency standard for new aircraft [9] . It can be seen that the consolidated aircraft architecture and diminishing improvements in aircraft performance, combined with the increase in passenger traffic demand, are in direct conflict with the environmental goals of the next few decades. This raises the important question of how the current architectural trends might lead to this conflict being resolved in the future. That is, what potential future evolution of the current dominant architecture will enable the future demand to be met while realizing the ambitious environmental goals.
There have been several proposed aircraft architectures which promise increased aircraft performance such as the unducted fan pusher, double bubble, blended wing body and flying wing [13, 14, 15, 16] . These architectures are corner points on the envelope of the architectural design space. If one considers the evolution of architectures as a pathway or trajectory, the historical trajectory has been mapped in [7] , and it is possible to conceive of many such potential future trajectories.
There are many possible ways that aircraft architecture could change, considering the entire space of possible architectural decisions. Rather than propose new architectures and show the potential benefits, this paper analyzes the conditions that could trigger a break of the current dominant architecture. Thus it proposes possible initial conditions for a new trajectory in the architectural design space, driven by trends in aircraft technologies, leading to architectural evolution.
A recent trend in civil passenger aircraft is installation of new engines on existing airframes, present in the Airbus "new engine option" (neo) family and the Boeing 737 MAX aircraft family. In the context of this trend, there are two main questions that this paper aims to answer:
1. Given the geometric limitations of the current airframes and advances in aircraft technologies, what is the limit of improvement in aircraft performance?
2. Given the current architecture, allowing for changes in airframe design parameters, and advances in aircraft technologies, what are the performance limits of the current dominant architecture?
That is, when can the current dominant architecture be expected to break, given trends in aircraft technologies, where architectural changes occur due to limits in performance of the current architecture?
The subsequent sections, which aim to answer these questions, are organized as follows. In Section 2 we review existing work on aircraft design and optimization, aircraft architectural and performance trends over time, and future aircraft archtectures. Section 3 details trends in aircraft technologies and identifies the most pertinent technology drivers of performance. In Section 4 the method is discussed including a detailed flow chart of the model utilized for the analysis. Section 5 highlights the main results of the analysis for the two main questions asked in this paper, before discussing the results in Section 6, and finally ending with concluding remarks in Section 7.
Literature Review
There has been an abundance of work done in the general domain including: the optimization of existing aircraft architectures for maximizing aircraft performance or minimizing environmental impact; examining potential future architectures which have superior performance over the current dominant design; and, extrapolating performance trends in order to predict future aircraft performance. There has been limited work analyzing how the current state of aircraft architecture may evolve over time, continuing to increase performance to meet the goals of a future society. Due to the uncertainty associated with the future of passenger air transportation, there are many potential trajectories in aircraft performance and architecture. While some have postulated what a future air transport system may look like [17, 16, 15, 14] , this paper utilizes trends in aircraft technologies to map specific trajectories and identify when the current dominant architecture is likely to break. An examination of the pertinent literature will be presented below.
In aircraft design, the conceptual phase consists of aggregating the design requirements and available technology, culminating in a concept sketch [18, 19] . Raymer [18] describes this process as including a combination of customer requirements, new concept ideas and available technologies; therefore the decisions are not explicitly stated but rather are reliant on legacy designs and expert knowledge. Torenbeek describes the aircraft architecture or configuration as the general layout, the external shape, dimensions and other relevant characteristics, thus exclude minor decisions such as the layout of the high lift devices [20] . In the conceptual stage of design an aircraft architect must decide on the architecture, which consists of lifting surface arrangement, control surface location, propulsion system selection, payload storage, landing gear and subsystem configuration [21] . According to Howe, several decisions such as the cantilever monoplane wing are static, and therefore the architectural decisions consist of the number of engines and their location, the vertical position of the wing and the configuration of the empennage [22] . More recently computational methods for architecture selection have been developed, including the use of Genetic Algorithms for optimization of small aircraft [23] , and probabalistic methods for examining aircraft architecture feasibility [24] . In this context the aircraft architecture is defined as the most important, high-level decisions pertaining to the configuration of the aircraft.
Architectural changes are distinct from incremental changes or modular changes in that they involve reconfiguration of components within a system without necessarily changing the components themselves [25] . For example, two major architectural changes in commercial aircraft were the introduction of the metallic monoplane, and the introduction of the transonic jet aircraft, which were separated by a period of incremental innovation. Gardiner describes the evolution of aircraft architecture in anecdotal form, documenting the major design trajectories in civil aircraft from the 1930s to the 1980s linking these to the major economic climate of each decade. Similarly, Miller and Sawers [2] highlight several key advances, which changed the course the technical development of aircraft from the 1920s to the 1970s, including the introduction of the metallic monoplane architecture with the Boeing 247 [26] , and the production jet airliner, with the De Havilland Comet [27] . Kellari et al. go one step further and quantify the variation of architectures over time showing the emergence of a dominant architecture [7] .
While there is limited literature on the variation of architectures over time, there is an abundance devoted to charting aircraft performance over time, using a variety of different metrics. In the domain of civil aviation, the performance of aircraft is tracked in terms of technical, economic, environmental and operational factors. Aircraft technical performance is typically characterized by payload-range graphs, take-off and landing field lengths, climb rate/angle, and the cruise performance [18, 19, 20] which uses metrics such as cruise speed, specific fuel consumption, and lift-to-drag ratio [28, 29] .
Additionally there are many metrics used to characterize aircraft productivity. These include aircraft productivity index [30] , utilization per day, average stage-length, load factor, available seat mile and revenue passenger mile [31] . In terms of operational efficiency, airlines typically use total aircraft block hours, daily airborne hours, number of departures per aircraft day, and other similar metrics [32] .
While the above are conventionally used in industry, researchers often devise their own metrics to assess the particular field of interest. For instance, Hileman and Katz [33] define a productivity metric to measure the energy required to move a given payload a certain distance, defined as the payload fuel energy efficiency. This metric is chosen due to its ability to incorporate cargo as well as passenger flights in a productivity measure, as well as compare alternative fuels since the cost function is the energy of fuel. Lee et al. [8] and Babikian et al. [34] use an energy intensity metric in statistical and analytical models to examine the influence of aircraft performance on cost from the 1960s until the early 2000s. Lee finds that an annual decline in air transport energy intensity of 1.2%-2.2% is not sufficient to offset the increase of 4%-6% in passenger air travel, therefore emissions are expected to increase. By contrast, Dallara et al. [35] have devised a metric known as average temperature response, to quantify the lifetime global mean temperature change caused by aircraft operations. Antoine [36] and Schwartz [37] use this metric to analyze the impact of different aircraft designs on global climate finding that a 30% reduction in global warming impacts is attainable by changing aircraft operating conditions. While the aircraft design is varied in terms of design parameters, the aircraft architecture remains the same in this analysis.
As well as charting historical trends, there is considerable research devoted to the optimization of point designs in the architectural space. This can be largely split into two major fields of research:
firstly the optimization of design variables for the current dominant architecture to minimize fuel burn, environmental impact in terms of emissions or noise, or operating costs; secondly the analysis of alternative architectures to the dominant architecture, in order to demonstrate superior performance along similar dimensions. The optimization of the dominant architecture is usually carried out with the use of multidisciplinary design optimization (MDO), changing the design variables to maximize or minimize a specific objective [8, 38, 36, 39] . For example, Bower et al. use a MDO methodology to design a single aisle aircraft to minimize direct operating costs (DOC), CO 2 emissions and N O x emissions [40] . They find a Pareto frontier on which these three objectives are traded in the context of the dominant architecture, with CO 2 and DOC being very correlated. Similarly Antoine et al. [36] developed a design tool using a MDO approach to quantify tradeoffs between noise performance, DOC, and emission performance. This was carried out by modifying design variables within the dominant architecture, showing that modification of the design parameters can only go so far in order to increase performance, without using abatement technologies. They cite that any such design tool is heavily reliant on verification and validation since there is inherent uncertainty in the model. Raymer [41] evaluates multiple MDO methods in the context of four different architectures including a commercial airliner. He demonstrates how optimization improves the weight and cost of an such design concepts by approximately 2-10% through tweaking design variables. Although, within the context of a single architecture, this method generally demonstrates increase in performance compared to traditional design methods, it is not able to optimize across the architectural decision space.
In addition to the dominant architecture, optimization has been carried out for other point designs in the architectural space, representing potential future architectures. An often cited way to increase the lift-to-drag ratio of passenger aircraft is to shift to a blended-wing body (BWB) or flying wing architecture [13] . According to a study by Cranfield University a BWB architecture could increase lift-to-drag ratio by 15% resulting in a 17% reduction in fuel burn per unit of payload-range [42] .
In addition to this, such architectures provide other benefits, such as enabling alternative propulsion systems. Green carried out studies of BWB and flying wing architectures with unducted fan engines, demonstrating a projected fuel burn per unit payload-range of 50% lower than current passenger aircraft [43] . Similarly NASA have carried out studies of two potential future architectures for the 2030-2035 time period, one defined as a "double-bubble" architecture (the D-8 Series), and the other defined as a "hybrid wing body" architecture (the H-3 Series) [44] . The D-8 demonstrates an reduction in fuel burn of 70%, reduction in noise of 60dB, and a reduction in N O x emissions of 87% relative to today's baseline technology. Although there is a clear outline of the technology requirements to reach these performance improvements, there is a gap in how the architecture will evolve from the baseline dominant architecture to this future double-bubble architecture [44] . It is also worth noting that there are considerable obstacles in obtaining airworthiness certification for these architectures, for example the emergency evacuation requirement in the case of the BWB.
While there has been much research dedicated to the design and optimization of singular point designs, there has been significantly less work analyzing the effect of architectural decisions. Green documents the potential of new technologies, for example contra-rotating engine technology, and aircraft architectures such as the blended-wing body, concluding that substantial reduction in CO2 emission will require radical changes to aircraft design in particular deviation away from the dominant swept-wing architecture [16] . That being said there has been little research dedicated to examining the path that may take us from this current architecture to potential future architectures with superior performance. Despite the advantages of such future architectures, the apparent architectural "lock-in" of the current dominant architecture is a major barrier for the industry to overcome and there has been significantly less effort devoted to understanding the trajectories that could lead to something such as the D-8 or H-3.
Technology trends
There is a wide body of literature around aircraft technology selection under uncertainty, in order to mitigate the risks associated with their long development cycle [45, 46] . The influence of such technologies on aircraft architecture has not been as widely examined. It has been shown that engine architecture is a major driver in the vector input for aircraft architecture. The most important engine technology trends within the context of the turbofan and geared turbfan architecture are identified and analyzed. The identified trends are increasing bypass ratio, increasing individual component efficiency, and increasing turbine inlet temperature along with increasing overall pressure ratio. These factors are quantified and extrapolated in time in order to predict the innovation in these technologies in the future.
These advances in these engine technologies are constrained by a number of factors including: material thermal properties, specifically the low pressure turbine materials which limit the turbine inlet temperature [47] ; environmental regulation of emissions through standards for engine certification [48, 49] ; increase in mass and associated with larger fan diameters [43] ; aerodynamic issues such as flow separation due to stall or fan surge [47] ; and geometric constraints of the dominant architecture which emplys under-wing engines. This paper assumes that research and development of engine technologies can overcome the first four of these. Hence this assumes that the geometry of the dominant architecture is the limiting constraint in improving aircraft performance through advances in engine technologies.
For example, the 737-MAX family is the latest in Boeing's single-aisle aircraft, and is essentially a re-engined version of the 737-Next-Generation (737NG) family, with minor changes to the wing tips, as shown in Appendix C [50] . The main design requirement which restricts the size of an under-wing engine is the ground clearance requirement. Table 1 : The dominant aircraft architecture enumerated using decision-options.
A comparison of the two engines is provided in Appendix C for these two iterations of this aircraft
showing an increase in engine diameter. It can be seen from this table that there is a substantial increase in bypass ratio associated with technological innovations in materials and structures, enabling larger fan diameters without harming performance. Figure 9 shows how the ground clearance limits have been reduced with the inception of new engine technology. As these engine technological trends continue one expects that the ground clearance limits will be reached.
This analysis of technology trends reinforces the notion that aircraft propulsion will be a significant driver for improvements in performance in the future. Based on this it is reasonable to believe that future developments in aircraft propulsion may lead to the breaking of the current dominant aircraft architecture. Specifically the question being asked here is, when does the trend in increasing bypass ratio break the architecture? To answer this question it is necessary to model the aircraft design and performance, the engine design and performance and the interactions between these two in the context of the dominant architecture.
Method
It is necessary to use a model to compute aircraft geometry and performance, taking as inputs the mission profile and available technologies, in the context of the dominant architecture. The term "dominant architecture" or "dominant design" in the context of this paper refers to the architecture exhibited in Table 1 , enumerated as decision-options.
The performance metric used in the following analysis is the aircraft passenger carrying efficiency.
This metric is defined as the available seat kilometer per kilogram of fuel carried, similar to the payload fuel energy efficiency metric defined by Hileman and Katz [33] . Given that available seat kilometer is constant for a particular aircraft design, this metric quantifies aircraft performance as the block fuel required for a given mission.
For a civil passenger aircraft displaying the dominant architecture, given a vector of inputs for mission specification and initial aircraft definition parameters, x, the model, F , sizes the aircraft in terms of weight, computes the aircraft drag, optimizes for engine and landing gear integration while maintaining stability, and outputs aircraft and engine geometry and performance, y, that is y = F (x). A hybrid analytical-empirical model is utilized to carry out the analysis in this paper.
The model consists of four main modules: an airframe sizing module, an engine sizing module, an integration module, and a performance calculation module. Each of these consist of multiple functions interacting to carry out a discrete optimization of the aircraft geometry for maximum performance.
The assumptions and methods used in the model will be briefly described here but we refer the reader to [7] for full mathematical details of the model and its verification.
Initial airframe-engine geometry & weight estimation
For a given mission profile and technology inputs shown in Appendix A, the airframe and engine are initially sized based on established methods from conceptual aircraft design literature [18, 19, 21, 20, 22, 28] . The airframe sizing uses several empirical formulae as well as analytical methods. Meanwhile a one dimensional analytical model for a real turbofan engine is used to size the engine in terms of geometry, weight and performance.
The operating conditions are calculated for each of the mission profile segments using standard atmospheric (ISA) data. Subsequently the aircraft empty weight and fuel weight are computed using the weight fraction method based on assumptions of a weight fraction for each segment of the mission [18] . Following this the thrust-to-weight ratio and wing loading are determined for each segment of the mission profile by assuming a lift-to-drag ratio based on existing aircraft. The lowest value of wing loading is then used to initially size the wing area and hence the wing geometry by making several assumptions including sweep angle, aspect ratio and taper ratio, based on legacy aircraft.
From these values the geometry of the airframe can then be determined. This method incorporates assumptions for certain parameters, such as the fuselage fineness ratio and tail volume coefficients.
This widely employed in industry and academia for high-level aircraft design and is therefore considered valid within the context of the dominant architecture [18, 19] . Given the major geometrical elements have now been defined, the mass of the aircraft can be refined based on a similar weight fraction method utilizing more details specific to this particular aircraft geometry.
The engine is initially sized based on the real turbofan analytical model which idealizes a turbofan as shown in Figure 1 . This turbofan engine model takes as inputs the aircraft thrust requirement and the engine technology parameters highlighted in Appendix A. It utilizes an approach derived from first principles, based on 1D fluid flows, to determine the engine size and performance such as specific fuel consumption. This method is based on well-known analytical equations for turbofan analysis [47] and is powerful due its ability to reliably predict performance for a wide range of inputs. is then utilized to compute the weights of the major components [19] . Using these weights the center of gravity of the aircraft is initially estimated using assumptions for the locations of certain components such as the leading edge of the wing and the landing gear. In parallel the aerodynamic performance of the aircraft is computed. This involves using an empirical method to determine the aircraft lift-curve with and without high lift devices, and the "drag buildup" and Oswald span efficiency methods to determine parasitic and lift-induced drag [18] .
The next step in the process is to use longitudinal static stability equations to calculate the neutral point of the aircraft. An iterative method is used to position the aircraft components such that the conditions for longitudinal static stability are met. This method requires re-calculation of the center of gravity of the aircraft for each iteration due to the relocation of components; this iteration continues until the design has converged on component locations which satisfy the criteria for longitudinal static stability. Lateral stability has not been accounted for since it would not have a large bearing on the aircraft geometry and the performance metric of interest. Similarly it is assumed that the volume coefficient method used to size the aircraft vertical tail implicitly accounts for yaw stability.
At this point we have initial estimates of the aircraft geometry, mass, center of gravity, aerodynamic performance, fuel consumption, thrust to weight ratio, lift to drag ratio, etc. at different segments of the design mission. In order to analyze the effects of the engine, and advances in engine technology, on the aircraft design parameters and architecture performance, it is necessary to capture the interactions between the engine and airframe. Since the engine location in the dominant architecture is under the wing there are interactions between the engine, the wing, the landing gear and the fuselage. Capturing these interactions is required to optimize the aircraft design for increased performance. The aircraft performance is therefore maximized subject to geometric constraints, architecture constraints, physics constraints and technology constraints.
Results

Limits of dominant architecture within the geometry constraints of existing aircraft
The most recent trend in civil passenger airlines, particularly in the single aisle market, is to re-engine existing aircraft, with the A320neo and the 737MAX leading the way. In response to the threat of new entrants, such as Bombardier, Airbus and Boeing decided to re-engine these aircraft rather than design new aircraft from scratch [51] . This re-engining paradigm assumes that airframe design parameters remain constant, with the exception of reinforcing structures within the existing geometry to handle any increased loads due to the new engine and new wing tip devices. This trend has taken off since the development of a completely new aircraft is associated with high costs and a long lead time, therefore in an uncertain market post-2008 aircraft manufacturers opted for this less risky strategic choice.
The analysis in this section involves a constant aircraft geometry taken from existing aircraft, coupled with the engine model, to determine the limits of existing designs. The engine model has been verified with existing aircraft with a mean error of approximately 5% and standard deviation of 7%. The focus of the analysis is on single-aisle aircraft which are more constrained in terms of geometry, hence the 737 and the A320 were selected. In terms of engine technology, four separate scenarios are analyzed for each of these families corresponding to the major trends identified in Section 3. These scenarios are as follows:
1. Baseline scenario: Technologies related to increasing bypass ratio are developed while component efficiencies, turbine inlet temperature, and overall pressure ratio remain at today's level of progress 2. Component efficiency increase: Bypass ratio increases along with improvements in component efficiency, at constant turbine inlet temperature and overall pressure ratio.
3. Turbine inlet temperature and overall pressure ratio increase: Bypass ratio increases along with improvements in turbine inlet temperature and overall pressure ratio, at constant component efficiencies.
All major technologies advance: Bypass ratio, component efficiencies, turbine inlet temperature
and overall pressure ratio all increase to their practical maximum levels.
These scenarios are used in the analysis throughout this section. The effect of improving various technologies are considered separately in order to segregate the effect of each on the overall performance. The parallel to this in the real world is the allocation of limited R&D funds by manufacturers to improve a given technology.
Constant geometry analysis of 737 and A320: four technology scenarios
The engine ground clearance constraints can be seen in Figure 10 and 11 with detailed geometry presented on the right of the figures. Although this varies depending on the reference cited, according to Roskam [19] , the requirement for engine ground clearance is the angle subtended between the line from a 6inch buffer from the nacelle boundary to the landing gear, and the horizontal, φ ≥ 5
• . For the 737 this is when x = 0.172m. Using simple trigonometry it can be calculated that, given z = 1.97m, the minimum ground clearance which satisfies the above requirement is y = x+0.153 = 0.172+0.153 = 0.325m. Given that the current ground clearance is 0.43m, there is still room to upgrade the current engines if desired, to a maximum fan diameter of 1.87m. For the A320 this is 2.12m. Using this limit in conjunction with the engine model, it is possible to determine at what point each particular aircraft design will no longer benefit from incremental engine improvements.
The following analysis was run with engine design requirements for a 737-800 and an A320-200, keeping all engine input variables constant, while varying the bypass ratio. The following section will detail the intermediate results for the 737 only. The A320 results followed a similar trend however due to space limitations only the final results for this aircraft will be included at the end of this section.
The results from scenario 1 are shown in Figure 2 . The nacelle (and fan) diameter has been assumed to dictate the geometric constraint, along with confidence bounds to account for any errors in the model. Hence shown on each of the graphs is an expected estimate and an expected true value, which includes the model bias. From Figure 2 , it can be seen that for the given geometric constraint requirements we can say with 95% confidence that a bypass ratio between 9 and 14 would be the maximum permissible for the 737 in scenario 1. The true expected value is approximately 11, assuming normally distributed model error. Beyond these values the maximum possible fan diameter would be reached and the ground clearance criteria violated due to an increase in the fan diameter.
In terms of performance, the model outputs results for SFC and engine weight, which are traded off as bypass ratio increases since SFC decreases but engine weight increases. These interactions need to be captured to determine whether it is beneficial to continue with this trend of increasing bypass ratio. As bypass ratio increases there is a conflict as increasing engine weight contributes to decreasing aircraft performance and decreasing SFC contributes to increasing aircraft performance (decreasing mission block fuel).
The range of feasible maximum bypass ratios is computed from the estimated fan diameter and ground clearance requirement. The true expected value of bypass ratio of 11 results in an expected decrease in required fuel for the mission of approximately 1395 kg from the 737MAX to the 737 with a maximum possible bypass ratio turbofan and 3766kg from the 737NG. This corresponds to an expected decrease in block fuel weight of 8.8% versus the 737MAX and a decrease of 20.6% versus the 737NG, corresponding to a increase in aircraft performance of 9.7% and 25.9% respectively for the design mission . These results are highlighted in Table 2 and 3 .
Hence, given current airframes, there is still some room for improvement in performance assuming that engine technologies can advance to produce bypass ratios in this range. Realistically there will be further losses due to unaccounted for 3D effects, such as weight increases due to cooling systems, which are not accounted for in the engine model; therefore 9.7% would be an optimistic value for the true expected value of performance increase. Furthermore production of N O x has a minimum point as overall pressure ratio increases, and any regulations on this emission could decrease the potential gains in performance. A major assumption of this analysis enabling overall pressure ratio (OPR) and turbine inlet temperature (TIT) to increase is the development of low N O x combustors.
In addition to increasing bypass ratios, other engine technologies could be improved, as described in the remaining three technology scenarios. Although performance improvements are probable, it can be observed that the lower bound of the maximum feasible bypass ratio for this airframe is 9, which happens to correspond to the CFM LEAP 1B engine of the 737-7/8/9 MAX, as seen in Table 10 . That is to say there is a small possibility that the fan diameter and hence the bypass ratio limits have already been reached for current engine technology. Taking the baseline technology level for component efficiency and turbine inlet temperature, if fan blade materials and structures were advanced enough we would expect a bypass ratio engine of approximately 11 to be the maximum possible for the current airframe, which corresponds to an increase of 9.7% from the performance of the 737-MAX.
The results that follow the baseline technology analysis, namely increases in component efficiency and TIT & OPR, serve to show the impact of other possible improvements in engine technology.
As mentioned in Section 3, these technology trends are considered to be the most likely to be seen in turbofan engines in the near future. The results of improvements along these two dimensions are done independently based on the forecasted values. It can be seen that improvements in both of these independently tend to decrease the fan diameter, therefore enabling possible increases in performance for the given geometric constraints. Note that another technological innovation which has not been included explicitly in this analysis is the inception of a gear to power the fan. The use of geared turbofan has been allowed in the model by setting the range of possible fan pressure ratios and optimizing despite any mismatch in turbine and fan speeds. Since the weight would change due to addition of a gear it is assumed that the decrease in size of the turbine would offset this.
It is posssible to forecast an expected value for the year in which an airframe will no longer be able to increase in performance, based on a forecast of the engine technology advances. The limit in performance is driven by the constraints of an under-wing engine in the contxt of the dominant architecture. A forecast of engine technology advances has been examined in [7] . In this paper these advances are imlicit in a graph of bypass ratio trends against time. The forecast for the limit of each technology scenario is detailed in Figure 3 , showing the expected year of architecture break with 85%
confidence bounds. 
Limits of dominant architecture with dynamic aiframe geometry
The analysis in the previous section took existing airframe geometries as a constraint, to quantify the possible performance improvements of current single-aisle aircraft. The purpose of this was to use "real world" constraints to predict when the current trend of re-engining an existing airframe will no longer be possible for performance increases due to geometric constraints of the dominant architecture within the context of these airframes. This next section will take the analysis one step further, removing the constraint of a constant airframe. This will thus relax the design variables for the airframe, remaining within the bounds of the dominant architecture, but unconstrained by the previous limits of airframe geometry. The purpose of this is to analyze, when the dominant architecture could potentially break.
That is, examining trends in turbofan engine technologies, at what point will aircraft performance no longer increase, therefore potentially requiring architectural exploration. It is worth noting that this analysis does not account for potential aircraft development times.
As has been mentioned previously, the major trends in turbofan technology are increasing bypass ratio, increasing component efficiency, and increasing turbine inlet temperature along with overall pressure ratio. These tend to result in the fan diameter of the turbofan increasing, and therefore an engine which requires more space underneath the wing for installation. As the ground clearance requirements of the current airframes are approaching their limits, there are several design parameters which can be modified to accommodate larger engine diameters. Within the confines of the dominant architecture, these include: Alternative options such as changing the engine architecture, relocating the engine, or relocating the wing for example to a high-wing configuration, would constitute a change in architecture and are therefore not included as options in this analysis. Of the design parameter changes above, all are considered in the model, apart from numbers 5 and 6. The reason that it may not be desirable to increase the wing dihedral is because this would create an aircraft which would be too laterally stable and thus unable to maneuver. Reducing the nacelle thickness has not been explicitly included as part of the analysis, since it is already assumed to be at the lower bound of thickness in the model, therefore any further change would be negligible. The other four possible design variable changes, are highly connected to each other, and to other design variables, therefore changing each one has a large change propagation within the design of the system [52] . These highly non-linear relationships are difficult to predict and therefore are included in a brute force discrete optimization of the airframe-engine interaction. Note that airframe trends such as increasing specific strength of materials for the landing gear for example are not explicitly accounted for in this analysis in order to bound the scope on engine technologies as the driver for performance improvements.
The same technology scenarios to those presented in the previous section will be used in this one.
These scenarios will be analyzed in the sections below, allowing the aforementioned hypotheses to be tested. The aircraft analyzed in this section have a similar mission profile to a typical single-aisle aircraft such as the 737 or A320 and are detailed in Appendix D. In the following analysis, each of the scenarios is compared to the state of technology today to measure the potential improvements.
Scenario 1: Bypass ratio increase with baseline technology
This scenario assumes that only the technologies related to increasing the bypass ratio of the turbofan engine will improve, with all other technologies remaining at the baseline level.
The changes in design parameters to accommodate this scenario of engine technology improvement can be seen in Figure 4 . It can be seen that three of the design parameter modifications mentioned in the previous section are occurring, that is increase in landing gear length, landing gear track and distance of the engine from the centerline. The engine diameter can be seen to be increasing since BPR is increasing without any core technologies being improved. The aforementioned constituents of aircraft performance including SFC, lift-to-drag ratio, and aircraft empty weight (or final mission aircraft weight) change with increasing bypass ratio. The SFC is directly affected by this increase in bypass ratio, however the high-level trends in lift-to-drag ratio and aircraft weight are driven by aircraft design parameters, namely the engine diameter and weight, and the landing gear length and weight. That is, as BPR increases engine diameter increases, therefore drag and empty aircraft weight tend to increase. As landing gear length increases, the landing gear weight tends to increase, leading to an increase in empty aircraft weight. The trends in aircraft design parameters can be seen in Figure 5 . On these graphs the estimate expected value is adjusted for potential model bias, producing the true expected value along with 95% confidence bounds. Based on the values calculated for this scenario it is possible to use the BPR forecast to estimate when this maximum performance will occur. It is assumed that at this point in time no further performance improvements will be possible based on the engine technology assumptions of this scenario, therefore requiring architectural exploration to further increase performance. The results of this projection are presented in Figure 7 , including 85% confidence bounds. It can be seen that two models are shown on the graph, based on different data sets. For the purpose of this analysis the model based on the single-aisle data set is used. In such a model there is a large amount of uncertainty, as can be seen by the large bounds in this graph. Typically a single standard deviation is used to bound the values in such problems to give more meaningful results. These are compiled in Table 4 .
This shows that the expected value in technology scenario 1 for the year in which performance will stop increasing is 2030 with a single standard deviation confidence bound of [2025, 2035] . Given that it is expected that the architecture will no longer be able to improve in performance, this is assumed to be the year when the current dominant architecture will break given the assumptions of this scenario. Table 4 : Expected values for architecture break year for technology scenario 1.
Technology scenarios 2 to 4: unconstrained geometry
The analysis carried out for technology scenario 1 was repeated for the remaining three technology scenarios. That is, the maximum possible improvement in aircraft performance was found given improvements in engine technology formalized in the remaining three technology scenarios, subject to the geometric constraints of the dominant architecture. Since the forecast of engine technolgies and the aircraft physical model contain uncertainties, these have been captured using confidence bounds.
Under these technology scenarios, a forecast of the break in the dominant architecture is computed as in Section 5.2.1. The model of expected values of bypass ratio over time is used, which implicitly accounts for technology advances, including overall pressure ratio, turbine inlet temperature, and component efficiencies. The results of these analyses can be seen in Table 5 . Table 5 : Expected values for architecture break for technology scenario 2.
Discussion of results
The reason that these two analyses have been carried out separately is to analyze two possible situations. The first analysis corresponds to the potential decision of manufacturers to continue the current trend of simply installing new engines on existing airframes. The second analysis corresponds to the potential decision of a manufacturer to develop a new aircraft with the dominant architecture.
These two potential decisions encompass the possible trajectories which lead to the current architecture remaining dominant. Given that it has been identified that engine technology and engine architecture are the major drivers for aircraft architecture, engine technology advances have been the forcing functions in these analysis.
The purpose of using separate technology scenarios is to highlight that different advances in technology lead to different outcomes; although the costs of these advances have not been considered, manufacturers may use a similar analysis to try to prioritize partnerships and R&D spending.For example scenario 2 involves improvements in technologies enabling larger bypass ratios and higher component efficiencies, which represents a scenario in which a manufacturer chooses to focus its fund-ing on research towards improving these. Although costs of technology improvements are not explicitly considered in this analysis, examining these trends separately is a proxy for this. Additionally this enables us to isolate the extent to which each of these trends drives aircraft performance, changes in geometry of the dominant architecture and architecture disruption. Consequently, identifying and extrapolating trends in engine technology and examining when the aircraft performance will reach its maximum, enables a prediction of when we might expect the current dominant architecture to break.
The improvements in engine technology can not be taken for granted since they require substantial amounts of time and money to be spent on research and development, which may not be economically feasible for manufacturers. Furthermore more components increase the complexity which could have an effect on engine reliability and direct operating costs. Considering time, cost and complexity, further advances in these technologies yield diminishing returns in terms of performance. That is, at some point the economics of a marginal improvement in bypass ratio, component efficiency, turbine inlet temperature, or a geared turbofan may be substantially less than their associated marginal cost in development and operations.
The second analysis allows the design parameters of the dominant architecture to vary, that is, an unconstrained geometry for a given mission. The same four technology scenarios are analyzed for the unconstrained geometry case in the context of the dominant architecture. To summarize these results, it is shown that in scenario 1 we can expect a performance increase of 17.1% by 2035; in scenario 2 the expected value of performance improvement is 32.4% by 2043; in scenario 3 the performance increase is expected to be 19.6% by 2039; and finally in scenario 4 the performance is expected to increase by 39.9% by 2045.
Note that the baseline for improvement in the constrained geometry analysis is existing aircraft, which are not optimized for the most state-of-the-art technology. In the unconstrained geometry analysis the baseline for measuring the performance improvement is an aircraft optimized for current technology. This results in a baseline aircraft with higher performance for the second analysis versus the first analysis; therefore it is not fair to compare the values of existing airframes to the values in this second analysis. While comparisons between performance improvements are not comparable across aircraft it is easy to compare the results across the four scenarios for each aircraft case. Nevertheless it is possible to compare the architecture break point across the aircraft. This shows us that the A320 architecture will break later than the 737 which is expected due to its longer landing gear and therefore larger area for engine placement under the wing. Furthermore allowing new aircraft to be build by varying the geometry of the dominant architecture naturally allows this architecture to persist for longer than existing airframes.
The results of this analysis can be compared with existing literature. Mentioned in scenario 4 of the second analysis are results from Czech [53] and Ciepluch [54] , which have predicted that beyond a BPR of 25-30 an unducted fan is more beneficial than a turbofan or geared turbofan architecture.
This coincides with the predictions of these results that an architectural change will be necessary to improve aircraft performance beyond a BPR of 22-30 depending on the technology scenario.
It is well documented that aircraft development requires long lead times on the order of a decade [55] . When this is taken into account it is evident that if for example maximum aircraft performance is expected to occur in 2035, a manufacturer would have to begin the development process around 2025. When an aircraft in a given class requires replacing, the manufacturer must decide whether to modularly innovate by simply installing new engines and other small add-ons, incrementally innovate by designing a new aircraft with the same architecture and small improvements, or architecturally innovate. They must decide whether a potential performance improvement is worth the associated cost. This means that even though an incremental improvement may be possible, it may be more effective to change the architecture in terms of the associated costs and benefits. Concepts such as the flying wing or blended-wing body have been suggested as the next design point in the trajectory of aircraft architectures . Having said this, architectural changes such as moving the engine location are more likely due to a smaller change propagation, therefore a lower risk for manufacturers. The effect on lift-to-drag ratio and structural efficiency would not be as significant in this case. Hence once again with an architectural change the main driver of improvement in performance would be a decrease in SFC of the engines. This will be associated with a change in engine architecture, since the turbofan architecture as we know it would no longer provide an increase in performance.
It is worth noting that the aircraft operates within an air transport system, therefore there are other systemic factors which need to be considered when viewing this problem. In this paper, the focus is primarily on the technological aspect affecting the performance of a given passenger aircraft.
For this reason the main driver of aircraft performance that has been used is the passenger carrying efficiency, a measure of the operating efficiency of a given aircraft. Additionally the focus on the aircraft fuel consumption relative to the number of passengers and aircraft range is a proxy for the economic viability of an particular aircraft. Therefore in the results it is assumed that the mass of fuel consumed is the major driver for aircraft improvement. While this is generally a valid assumption it has been shown that when environmental effects such as contrail formation and N O x emissions are considered as part of the aircraft performance, decreasing fuel burn does not necessarily translate into increasing performance [56] . In bounding the problem, architecture and performance drivers pertaining to environmental impact, aircraft maintainability and reliability, air traffic management, airline operations, environmental regulations, etc. have not been explicitly considered. Additionally aircraft airworthiness for certification is a major consideration for manufacturers, due to the high costs associated with this process. Certification generally takes a long time, which for manufacturers delays the period by which they may begin making returns on their billions of dollars of development costs. This is one of the main reasons for the risk aversion for manufacturers, since with every new aircraft they are essentially "betting the existence of their company" [57] .
Conclusion
Since aviation was first commercialized for passenger travel, it has rapidly grown to be one of the most technologically advanced and safe modes of transportation. This development has been associated with advances in the passenger air transport system of systems, particularly developments in aircraft architecture and technology, which have driven continuous improvements in system performance. This paper has focussed on determining when the current dominant aircraft architecture may break by examining the conditions under which it will reach its maximum performance.
It has been argued that there is a tight coupling between engine technologies/architecture and aircraft architecture and a major driver of aircraft performance is specific fuel consumption. Hence advances in turbofan engine technologies have been identified and trends have been used to predict the future performance of civil passenger aircraft. This has been carried out for two possible cases, the first involving existing airframes for a "constrained geometry", and the second involving "unconstrained geometry". A hybrid analytical-empirical model has been described to carry out this analysis for four different engine technology scenarios.
The 737 and A320 airframes were selected to be analyzed for the first case of constrained geometry. It was found that there is still potential to increase performance of these aircraft solely by re-engining. Nevertheless the year of architecture break can be compared and it is shown that the 737 and A320
will likely break within the next 9-12 years, whereas the option for a newly designed aircraft would lead to an architecture break within 27 years. The alternative to these two options would be to develop a new architecture, however this is assumed to occur only after the current architecture reaches its performance limits.
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A Inputs
The specific parameters used to define a mission profile are showing in Table 6 . These include parameters defined by the aircraft manufacturer based on market analysis or customer requirements, Table 6 : Mission profile variables used as input parameters to the model.
A.1 Technology and design parameter inputs
As well as inputs for the specific mission, the model requires input parameters for technologies within the scope of the analysis. These can be segmented into engine technology inputs and airframe technology inputs, highlighted in the following sections.
A.1.1 Engine inputs
The engine technology inputs are highlighted in Table 7 . These pertain to the efficiencies of the major turbofan components, the performance of particular components such as pressure ratios, as well as design parameters such as bypass ratio. The ratio of pressure at the front fact of the compressor to that of the back face
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Fan pressure ratio Pr f The ratio of the pressure at the front face of the fan to that of the back face
1.4
Turbine inlet temperature
Tti
The temperature of the flow at the turbine front face K 1700
Overall pressure ratio Pr o The combined pressure ratio across the fan and compressor
50
Bypass ratio BP R The ratio of mass flow through the bypass region to the mass flow through the core of the engine Table 7 : Engine technology input variables for the engine model.
A.1.2 Airframe inputs
The airframe technology inputs and design parameter inputs for the model can be seen in Table 8 .
The design parameter inputs are initial assumptions usually based on legacy aircraft. Oswald's efficiency factor e Factor to incorporate difference between ideal wing and 3D wing effects 0.8 Table 8 : Airframe technology input variables for the airframe model.
B Outputs
The outputs from the model include aircraft geometry and performance, as shown in Table 9 . Additionally a visualization of the aircraft geometry is presented to enable the user to view the design, an example is shown in Figure 8 . 
SF Ci
The fuel consumption per unit thrust of the aircraft lbm lbf ·hr Maximum thrust-toweight ratio
T W max
The maximum value of thrust divided by weight across the mission profile Breguet range r Breguet The range of the aircraft as calculated using the Breguet range equation D Inputs: unconstrained geometry 
